Introduction
In January and February 1994, the U.S. Geological Survey conducted seismic investigations in the Ross Sea and adjacent Transantarctic Mountains, as part of the international Antarctic Crustal Profile (ACRUP) project to map the crustal structure of the West Antarctic Rift system. The ACRUP project was conducted under the logistic coordination of the Italian National Antarctic Research Program (PNRA), with planned involvement of six research organizations from four countries including USA, Germany, Italy, and Japan. The U.S. Geological Survey participated with the logistic and science-grant assistance of the U.S. Antarctic Program, Office of Polar Programs in the National Science Foundation.
The ACRUP project had a land component, coordinated from Starr Nunatak Camp near Terra Nova Station (Italy), and a marine component, conducted aboard the R/V OGS EXPLORA (Italy). The purpose of this preliminary report is to give a general overview of the ACRUP project and describe the activities and contributions of the U.S. Geological Survey during the field operations. Complete descriptions of the land and marine field operations for the ACRUP project are reported by the Italian National Antarctic Research Program (Bacigalupi and Ramorino, 1994) .
The objective of the ACRUP project is to study the structure of the crust and upper mantle of the Ross Sea region using geophysical measurements along onshore and offshore transects. The Ross Sea is part of the West Antarctic Rift system (WRS). The WRS has a 2500 to 5000-m-high rift shoulder (Transantarctic Mountains (TAM)) on the west, and is underlain in the Ross Sea by numerous large rift basins now filled with thick sedimentary sections . A deep sedimentary basin, the Victoria Land basin, and an active rift (Terror rift) are mapped along the western side of the Ross Sea adjacent to the TAM . The rift structures of the Ross Sea are believed to have formed initially with the Mesozoic breakup of Gondwana, and later with late Mesozoic and Cenozoic extension across the Ross Sea and uplift of the Transantarctic Mountains (Fitzgerald et al., 1986; Lawver et al., 1991) . The age of the Mesozoic and Cenozoic rifting is poorly known because rocks from deep within the rift basins have not been sampled . Also, the crustal structure and mechanism(s) of rifting are not known because few refraction data exist, although many models for the evolution of the WRS and uplift of the TAM have been proposed (e.g. Gleadow et al., 1984; Fitzgerald et al., 1986; Stem and tenBrink, 1989; Cooper et al., 1991; Tessensohn and Womer, 1991; Fitzgerald, 1992) . The ACRUP experiments are designed to determine deepcrustal structures in the Ross Sea region to help resolve the mechanisms, and relative timings, of rifting events.
Initially, two ACRUP transects were planned for the 1993/94 field season: 1) an E-W transect along latitude 76° S, extending about 400 km from the polar plateau of the Transantarctic Mountains to about 200 km offshore in the Ross Sea; this transect would cross the flank of the West Antarctic Rift system (i.e. boundary between East and West Antarctica along the TAM) and the adjacent offshore Victoria Land basin and Terror rift; and 2) a 200-km-long, N-S transect along the axis of the Victoria Land Basin (longitude 164° W); this transect would examine the crustal structure of the 14-km-thick sedimentary section and underlying thin(?) crust of the basin and active Terror rift.
Unusually bad ice conditions were encountered in the western Ross Sea during January and February 1994. More than 80% of the planned operating areas were covered by heavy pack ice. Consequently, the locations of offshore crustal transects had to be changed, and the planned onshore-offshore long-range seismic experiment could not be done. In addition, the Japanese ship R/V Hakurei-Maru was unable to join the ACRUP project at the last minute due to the bad ice conditions in their other working area of the Ross Sea, and due to heavy pack ice across the entrance to the Ross Sea. The offshore ACRUP transects were subsequently relocated to the southern Ross Sea to cross the deep rift structures beneath these areas. Two transects were done, back-to-back, yielding a continuous transect that extends nearly 650 km across about 70% of the southern Ross Sea along latitude 77° 06° S from near Ross Island (168° E) to the middle of the Eastern basin (longitude 167° W). The onshore part of the ACRUP project was done as planned, and several additional seismic stations were placed on the fast ice along a seaward extension of the profile out to about 30 km from shore, over the Victoria Land basin (Figures 1 and 2 ).
Many different types of geophysical surveys were conducted during the onshore and offshore parts of the ACRUP field program. Scientists from each of the three countries participated and contributed equipment for use in the field program. The overall logistics for the operation were coordinated and principally sponsored by Italy. Tables 1 to 3 list the general contributions to the science program by each country and organization; the contributing organizations; and participants in the ACRUP field work. Table 3 The following sections of the report give details for the field operations for the offshore and onshore parts of the USGS involvement in the ACRUP project. The offshore sections are outlined in greater detail, because the principal scientist and first author of this report participated in the EXPLORA cruise, and was not directly involved in the daily activities of the onshore field work. The reader is directed to the comprehensive fieldreport, now in preparation by the Italian National Program, for greater detail of the onshore and offshore parts of the experiment. Scientific results will be presented in later publications after data processing and analysis.
Cruise Narrative
Transit to Antarctica The U.S. scientific staff for the offshore part of the 1994 Antarctic Crustal Profile (ACRUP) project (i.e. Dr. Alan Cooper and Mr. Gregory Miller) departed the United States for Antarctica on January 1. After stopping in Christchurch for Antarctic clothing issue, the staff continued to Dunedin, New Zealand to prepare for arrival of the R/V OGS EXPLORA. Upon arrival of the ship, the staff loaded the 5800 pounds of U.S. Geological Survey Ocean Bottom Seismometer (OBS) equipment aboard during the period of January 7-10, 1994. On January 10, the ship departed for the Ross Sea, Antarctica, arriving at the entrance to the sea on January 16. Due to heavy ice conditions, the entrance was closed by up to 9/10 pack ice, and the EXPLORA could not enter. By good fortune, the USCG POLAR SEA was escorting the tanker-ship MATHESSIAN into the Ross Sea, and provided ice-breaking assistance for the EXPLORA to enter the Ross Sea on January 17 and 18. The EXPLORA then proceeded to the Italian Terra Nova Station, thru heavy pack ice, to offload supplies. On January 20 EXPLORA left Terra Nova Station and proceeded to Franklin Island area, arriving on January 21 to deploy equipment for commencing seismic transects.
Multichannel seismic reflection operations
Due to heavy ice cover of the western Ross Sea, from the coast to Franklin Island, it was not possible to deploy OBS equipment across nearly all of the Victoria Land basin, E-W along the planned ACRUP-1 transect of the Transantarctic Mountains and westernmost Ross Sea along 76° S. Open water east of Franklin Island allowed four OBSs (2 from Italy and 2 from Germany) to be deployed at the far east end of the ACRUP transect at 10-km-intervals. The westernmost OBS was deployed about 1 km from the edge of the ice pack. Thereafter, the EXPLORA deployed seismic gear to begin an E-W multichannel seismic-reflection (MCS) profile across the Ross Sea. The equipment and parameters used included 3000-m-long, 120-channel, seismic streamer, 15-second record length, 4 msec sample rate, 50 m shots 36-airgun array (one string of 17 guns and one string of 19 guns with a total volume of 71.5 litres) marine gradiometer seagravimeter 12-kHz bathymetry integrated GPS navigation system
Following deployment and testing of the MCS equipment, which required about 29 hours, a sequence of 40 airgun shots at 120 sec intervals were made while the ship was circling to begin the MCS profile. These shots were intended to be recorded by land seismic stations along the ACRUP transect in the Transantarctic Mountains. The EXPLORA recorded an E-W MCS profile between January 24 and January 27. Thereafter, a second MCS profile was recorded heading NW until January 28. The two MCS profiles were recorded for the University of Trieste as part of the Italian Antarctic Research Program (Figure 1 ).
Offshore ACRUP Transects
From January 28 to February 17, the EXPLORA conducted OBS operations as part of the international ACRUP project. Two offshore-only transects were recorded, each about 300 km long. The two transects, end to end, with a center-point near 180 degrees longitude, extend from the eastern flank of the Victoria Land basin (directly north of Ross Island) to the middle of the Eastern basin ( Figure 1 ). The ACRUP transect in the eastern Ross Sea was recorded first, followed by that in the western Ross Sea. The complete transect is located directly over previously recorded MCS seismic line USGS 404 (USA) and BGR 2 (Germany).
ACRUP-ERS Transect -Eastern Ross Sea
The ACRUP-ERS transect commenced on January 30 directly following a bad storm and long transit from the end-position of MCS profile 2. Twenty-six OBS stations (6 from USA, 6 from Italy, and 14 from Germany) were deployed along the 300-km long transect with a station spacing of 10 km, and with gaps of 30 and 40 km at the west and east ends of the transect, respectively. After OBS deployment, the full complement of geophysical gear was deployed (see above) in about 6 hours. A 1500 m-long-streamer (120 channels) was used instead of the 3000-m-long streamer. Shooting of the ACRUP-ERS transect began on January 31 and ended on February 2. The first phase of OBS recovery, during which all but 5 OBS were recovered, started February 2 and ended on February 4. On February 5, necessary repairs and tests were made to ship, MCS, magnetometer, and side-scan sonar equipment The final phase of OBS recovery was completed on February 6, during which all but 2 OBS (both from Germany) were recovered.
Following completion of the ACRUP-ERS transect, the EXPLORA transited to Franklin Island to recover the four OBSs set out earlier. On February 7, three OBS were recovered, but the fourth OBS (from Italy) could not be reached because the ice-front had moved 7 km east and now covered the OBS station. Thereafter, EXPLORA transited to a point about 30 miles north of Ross Island to be refueled from the ship ITALIC A on February 8.
ACRUP-WRS Transect -Western Ross Sea
The ACRUP-WRS transect commenced in the evening of February 8 with OBS deployment about 6 km from the edge of heavy brash ice north of Mt. Terror on Ross Island. Thirty OBS stations (6 from USA, 7 from Italy, and 17 from Germany) were set out at 10-km intervals along the E-W transect, which followed a latitude of about 77° 06* S. The position of several OBS stations had to be moved 2 to 3 miles north of the transect line to avoid a) the advanced position of the Ross Ice Shelf (17 km north of charted position) and b) concentrations of heavy brash ice near the advanced Ice Shelf. OBS deployment was completed on February 9. Prior to shooting the OBS line, Scott Base was contacted to determine the possibilty of using the downhole seismometers near Lake Vanda in the Dry Valleys (i.e. about 77° 35' S and 161° 30* E) to attempt to record the offshore seismic shots. The principal contractor for the seismometers, Allied Signal Company in Albequerque, New Mexico, said that this would not be possible on short notice because 3-4 days were required to recalibrate the equipment for the 0-25 Hz frequency range needed for the experiment
In preparation for shooting the OBS transect, it was discovered that extreme cold weather and ice had caused several problems (frozen winches, snapped air hoses, and airguns filled with ice), causing an 8 hour delay for repairs. The shooting phase began on February 10, and was done with the same geophysical equipment as used on the eastern Ross Sea transect (see above). During the shooting of the first half of the ACRUP-WRS profile, the OBS data over more than one-half of the transect were corrupted by external seismic noise, which originated from the nearby (i.e. within 0 to 10 miles of the transect) shooting of seismic-reflection equipment on the R/V N.B. PALMER. The PALMER arrived at the ACRUP transect site 2 days earlier than previously agreed. After shooting along a converging track to a point directly on top of the ACRUP profile, PALMER stopped shooting their airgun. PALMER then did coring operations close to the ACRUP profile for 4 hours and resumed their seismic shooting away from the ACRUP area as EXPLORA circled for 5-6 hours. Shooting of the ACRUP-WRS transect was completed without further problems on February 12, at a point about 40 km west of Station 101.
The OBS recovery phase began on February 12, following about 7 hours of seismic-streamer repairs. 
Cruise Data
Two ACRUP transects were recorded, each with several types of geophysical data (see cruise narrative above). Ocean bottom seismometer (OBS) data were the principal data recorded offshore by the USGS. The following sections provide details of the OBS data and operations. The characteristics and locations of the offshore segments of the ACRUP transects are given in Tables 5 to 8 . 
Location of transects:
Two ACRUP transects were planned in the Victoria Land basin (VLB); however, new locations had to be chosen for the ACRUP transects after it became clear that ice conditions would not permit surveys of the VLB. New ACRUP locations were selected in the southern Ross Sea (Figure 1 ). Several criteria were used to select the new locations and design the refraction experiments. The criteria included geologic objectves, amounts of available ship time and OBS instruments, likely ice conditions, and requirements of the three participating national Antarctic programs. Multichannel seismic-reflection (MCS) profiles that had previously been collected in the Ross Sea by Germany, Italy and the US were examined to find the most clearly defined rift structures that could be reached, within the restriction of the ship operating in ice-free waters. MCS lines BGR-2 and USGS-404 were selected because they join and extend east-west across all major rift basins, including the Victoria Land basin and Eastern basin, which had no prior OBS refraction studies. The southern Ross Sea transect was also selected to a) complete the southernmost part of the Central trough OBS surveys done by a prior GANG VEX expedition; b) to examine the active rift structures near Ross Island; and c) to study possible "interior" continental-rift structures and decollemont zones.as far landward of the continental shelf edge as possible. Ray-trace models for the two transects were made aboard ship based on MCS profiles, prior gravity model studies, and sonobuoy-refraction velocities for shallow crustal layers. From the model studies, a station-spacing of 10 km was selected to give regional coverage for mantle arrivals and to provide good lateral-velocity control for some smaller rift structures (i.e. 20-30 km across) seen in MCS data. A shot-spacing of 60 sec (120 m) was desired for high-density seismic-trace recording; however, a decision was made to use a 120 sec fire rate (240 m at 4 kt survey speed) to avoid the possiblity of "overwriting" deepcrustal and mantle arrivals at a horizontal offset of about 80 to 100 km by the "direct arrival" from the previous shot. Approvals for changing field operating areas were requested and obtained from the national programs.
The following tables give the exact locations of the OBS stations. Two station numbering systems are given, "station numbers" (used aboard ship) and "location numbers" (used for entire project). For the ACRUP-TAM transect, noted in the above table, the EXPLORA's "shot-line" was a standard MCS profile that extended east for several hundred km from the OBS stations. The OBS stations along ACRUP-TAM were deployed principally to attempt to record the large explosive shots in the Transantarctic Mountains, rather than the shots from the MCS line.
Maps of the Ross Sea showing exact locations for OBS stations and for shotpoints along profiles ACRUP-ERS and ACRUP-WRS, based on the following tables 6 thru 9, are given in Figure 2 . Two different OBS systems were used during the ACRUP profiles. Both systems have been used extensively in field operations over the past several years. One system, used by Italy and Germany, was designed and built by the Institute of Geophysics (IG), directed by Prof. Janis Makris, at University of Hamburg, Germany. The other system was designed and built by the U.S. Geological Survey (USGS). The basic parameters of the two systems are described in the following table. OBS data recorded during the ACRUP field experiment must be processed and merged with shot-navigation information before the amount and quality of the data can be accurately assessed. Aboard ship, raw OBS data were read from the digital recording systems of USGS instruments to verify that data had been recorded by OBSs along the ACRUP profiles. However, the far-offset distances to which seismic arrivals were recorded along the transect was not possible to determine from the raw field data. An example of raw field data recorded by a USGS OBS at station ERS-20 is shown in Figure 3 . For OBS instruments made by Institute of Geophysics, the analog data tapes could not be read aboard ship. The tapes were taken to Germany, to be digitized and processed.
Several environmental factors are likely to affect the data quality of OBSs along the ACRUP profiles. These fall into four categories: 1) water noise; 2) ice-related noise; 3) external seismic noise; and 4) biologic noise.
Water noise is generally controlled by weather and sea conditions, although water depths of 400 to 900 m along the profile may be sufficiently large to minimize these effects. Weather conditions were generally quite good during the seismic-shooting phase of the OBS transects, with only short periods of high-winds and rough (> 9 foot) seas. Hence, background water noise is expected to be quite low on OBS data.
Ice-related noise is likely to come from "echo-shots" generated by air-gun energy reflected from the sides of large icebergs and the Ross Ice Shelf. Near-vertical side of these ice features may extend up to several hundred meters below the sea-surface, and provide an excellent reflection surface at the water to ice interface. Solid ice has a velocity of about 3.9 km/sec. Such ice-related noise is likely to be common along the eastern half of the ACRUP-WRS profile, where large tabular icebergs were common and the front of the Ross Ice Shelf was only 4 to 15 miles from the OBS stations.
External seismic noise is expected from only one source, that of the seismic shooting by the R/V PALMER along nearly one half of the ACRUP-WRS profile at distances of from 0 to 15 miles from the profile (see cruise narrative above). The effect of the noise is expected to increase as the PALMER converged on the ACRUP profile, shooting a 50 cu in airgun at 5 second intervals. OBS data will be degraded at close shooting distances by the PALMER. A second, and less likely, seismic noise source is microseismic events from volcanoes on Ross Island and along the Terror rift, at the west end of the ACRUP-WRS transect. Mt. Erebus on Ross Island is an active volcano.
Biologic noise can be expected, but the extent is unknown. Whales are known to cause large noise bursts on OBS data (Trehu, personal communication), and whales were occassionally observed nearby. Seafloor life is also a possible source of noise. On recovery of one OBS along the ACRUP-ERS profile, a large octopus (nearly three feet long) was tightly wrapped around the OBS sphere (Station ERS-20). The noise effect of such seafloor biota is unknown, but should be recognized as a potential source.
Onshore narrative
The U.S. part of the onshore ACRUP work is under the overall direction of one of the report authors (UTB). The data collection, processing and analysis is being done by Mr. Jie Zhang, who is a PhD candidate at the Massachusetts Institute of Technology. The 12 REFTEK seismic instruments used for the U.S. part of the experiment were provided by the IRIS PASCALL Project U.S. field activities Mr. Zhang departed from the U.S. on December 31, and after a layover in New Zealand for clothing issue, he continued to McMurdo Station via C-130, arriving on January 5. After completing survival training, Mr. Zhang was taken to the remote field camp, Starr Nunatak camp, from which the onshore logistic operations were being done. From January 10 to February 3, he remained at the camp to prepare, test, deploy, and recover the U.S. seismic instruments. In addition to deploying instruments for the principal seismic transect (i.e. ACRUP-TAM), Mr. Zhang also conducted other field experiments near the camp to measure icequakes and seismic velocities in ice. Following the shooting of the ACRUP-TAM transect, the digital data from the U.S. and Italian REFTEK instruments were downloaded, copied and data-tapes exchanged. Mr. Zhang and all U.S. equipment were transferred to McMurdo by helicopter and ship ITALICA for transport back to New Zealand on February 9 by C-130. Mr. Zhang returned to the U.S. on February 12 to begin data processing and analysis.
ACRUP Transect -Transantarctic Mountains
The onshore ACRUP-TAM Transect was under the overall logistic management of the Italian National Program. Logistic support was coordinated and run principally from the Italian Terra Nova Station. The field operations were conducted from the remote field camp (Starr Nunatak) at which most scientists stayed. The field operations at Starr Nunatak camp commenced on December 19,1993 and ended with the closure of the camp on February 3,1994. During the field period, several geophysical experiments were conducted along and near the ACRUP-TAM profile. The experiments included seismic, gravity, aeromagnetic, topographic, heat flow, and radio-echo-sounding measurements (see Table 1 ).
For the ACRUP-TAM transect, 48 three-component seismic stations were deployed at 3-km intervals along a line transverse to the axis of the Transantarctic Mountains (Figure 1 ; Table 11 ). Ten of these seismic stations were placed offshore on the 1-2-meter thick fast ice to a distance of about 30 km from the coast. In addition, four OBS instruments were placed along the offshore projection of the transect about 200 km from the coast near Franklin Island (see cruise narrative above). Four land explosions, each with an array of drill holes, were used for the experiment (Table 12 ; 530 kg dynamite, 80,150, and 300 kg pentrite). The total length of the "onshore" ACRUP-TAM transect is about 200 km, which includes the 153 km of seismic stations and an "offend" shot about 50 km west of the instruments. The shooting was done on January 25. In general, the weather for the experiment was excellent, with only one bad weather day (no-fly day) out of the 45 days of helicopter operations. The land parties collected more data than anticipated, largely due to the good weather and flying conditions.
Land data
Among 48 three-component seismic stations, there were 26 digital stations (12 USGS stations, 14 Italian stations), all with the same internal recording system (REFTEK). The digital stations used a sampling rate of 100 samples/sec. A total of 22 analog stations (Germany) were deployed along the transects. The data from these instruments will be digitized at a rate of 50 samples/sec. A SUN computer workstation, provided by the US PASSCAL group, was used at the remote field camp to examine the data from the REFTEK instruments immediately after the instruments were recovered.
There were two waveform patterns that were immediately observed from the land digital data. Within 70 km of the coast, the recordings from explosion A are similar to those often seen in other continental experiments, i.e., showing typical long refracted wavefield responses. Pg wave comes first with a velocity of 5.8 km/sec. However, further inland, the recordings from explosions B, C and D were strongly influenced by the shallow ice cap: the body waves were strongly attenuated and the surface waves were large with strong dispersion. For these three explosions, P* waves came first with the ice velocity 3.8 km/sec within 10 to 15 km. Pg waves with velocity of 6.00 km/sec were also clearly observed at further distance.
Environmental noise was not a problem with the good weather, but induced microseismic noise due to scattering was a major factor at distances within 70 km of the shore. One of the 12 stations deployed by the USGS did not record data because of a mistake made during the deployment. The remaining 11 stations worked properly, using the power supply from one auto battery and one solar panel for each station.
Icequake monitoring experiment (Jan. 17,1994) Upon request by Mr. Zhang, Italian program coordinator offered 3 helicopter hours for deploying and recovering 5 USGS stations near an icequake active zone at the boundary of Harbord Glacier (75.54S, 162.30E). The deployment was difficult, because there were many crevasses in the area. One Italian military officer helped deploy the stations. Two other USGS stations were also deployed near Stair Nunatak by skidoo. The 7 stations had a circular geometry, and were in good locations to monitor the nearby icequakes. During 3-day continuous recordings with a samplying rate of 100 samples/sec, about one hundred icequakes were recorded with high quality.
The data show a unique waveform pattern with narrow band of frequency. Particle motion studies suggest that these icequakes often produced S-wave polarized anisotropy due to the firn and ice. These data are useful for analyzing the detailed waveforms, investigating icequake source mechanisms, and their relation with the glacier motion. Until now, few studies have been done on this topic.
Small-scale refraction experiment (Jan. 30,1994) As suggested by Mr. Zhang, a small-scale refraction experiment was conducted after the ACRUP land experiment for better understanding seismic wave propagation, source coupling, receiver coupling in the harsh Antarctic environment. 10 Italian stations were deployed near Starr Nunatak. A sampling rate of 500 samples/sec and station interval of 100 meters was used. All stations recorded continuously for one day. Three shotpoints of 1 kg dynamite each, were located in 25-27 meter deep holes drilled in the solid ice, and one shot of 1 kg dynamite was located near the surface in the firn layer. Preliminary analysis suggests that a lowvelocity firn layer about 25 meters thick lies above high-velocity ice beneath 5 stations; and a high velocity ice layer lies at the surface, beneath the other 5 stations.. The near surface firn layer strongly attenuates the amplitude and modulates the frequency of the incoming wavefield. For a source in the solid ice, the amplitude of P*-wave received by the stations directly located on the ice layer can be 4-5 times larger than those recorded on the firn layer at the same distance. Moreover, the amplitude of a shot in solid ice can be 6-7 times larger than one in the firn layer for the same station. During the experiment, 4 earthquakes and 6 icequakes were recorded, with the waves passing the array from both ends. The earthquake and icequake data provide useful information of the medium structure and the low-frequency attenuation.
Summary
During the 1993/94 austral summer, the U.S. Geological Survey participated in onshore and offshore geophysical transects of the Ross Sea region. Three transects were accomplished under the overall direction of the Italian National Research Program. For the single onshore transect, the USGS deployed 12 seismic stations, and for each of the two offshore transects, the USGS set out six ocean bottom seismometers. The results of the three seismic transects should provide new information on the deep crustal structure of the Transantarctic Mountains and the offshore Ross Sea sedimentary basins, all of which are part of the extensive West Antarctic Rift system. 
